Since its discovery as a post-translational signal for protein degradation, our understanding of ubiquitin (Ub) has vastly evolved. Today, we recognize that the role of Ub signaling is expansive and encompasses diverse processes including cell division, the DNA damage response, cellular immune signaling, and even organismal development. With such a wide range of functions comes a wide range of regulatory mechanisms that control the activity of the ubiquitylation machinery. Ub attachment to substrates occurs through the sequential action of three classes of enzymes, E1s, E2s, and E3s. In humans, there are 2 E1s, ϳ35 E2s, and hundreds of E3s that work to attach Ub to thousands of cellular substrates. Regulation of ubiquitylation can occur at each stage of the stepwise Ub transfer process, and substrates can also impact their own modification. Recent studies have revealed elegant mechanisms that have evolved to control the activity of the enzymes involved. In this minireview, we highlight recent discoveries that define some of the various mechanisms by which the activities of E3-Ub ligases are regulated.
Since its discovery as a post-translational signal for protein degradation, our understanding of ubiquitin (Ub) has vastly evolved. Today, we recognize that the role of Ub signaling is expansive and encompasses diverse processes including cell division, the DNA damage response, cellular immune signaling, and even organismal development. With such a wide range of functions comes a wide range of regulatory mechanisms that control the activity of the ubiquitylation machinery. Ub attachment to substrates occurs through the sequential action of three classes of enzymes, E1s, E2s, and E3s. In humans, there are 2 E1s, ϳ35 E2s, and hundreds of E3s that work to attach Ub to thousands of cellular substrates. Regulation of ubiquitylation can occur at each stage of the stepwise Ub transfer process, and substrates can also impact their own modification. Recent studies have revealed elegant mechanisms that have evolved to control the activity of the enzymes involved. In this minireview, we highlight recent discoveries that define some of the various mechanisms by which the activities of E3-Ub ligases are regulated.
E3 ligases are generally grouped into three classes: 1) really interesting new genes (RINGs; also includes the topologically similar U-box E3s); 2) homologous to the E6-AP C terminus (HECTs); and 3) RING between RINGs (RBRs). Although all carry out the final step of covalent ubiquitylation of target proteins, they differ in both structure and mechanism. In humans, thousands of enzymes and proteins (not just E3s) work in concert to catalyze the regulated transfer of Ub 3 to an even more diverse set of substrates. The shear number of potential interactions requires a precise network of protein-protein binding events to occur. Recent reviews have highlighted many of the essential mechanistic requirements for Ub transfer in E3s and other components of the Ub machinery (1) (2) (3) . This minireview attempts to highlight emerging themes in E3-ligase regulation. The mechanisms discussed here encompass broader thematic areas of regulation but appear to be recurring phenomena in the regulation of E3-Ub ligases.
E3 Regulation by Auto-neddylation
RING E3s are the largest class of E3 ligases with over 600 members in the human genome. RINGs facilitate the direct transfer of Ub from an E2ϳUb conjugate to a substrate (4 -6) . cullin-RING ligases (CRLs) comprise a superfamily of RING E3s involved in a wide range of cellular functions and are responsible for up to 20% of Ub-dependent protein turnover in cells (7) . A variety of mechanisms are employed to regulate CRL activity and have been discussed in detail elsewhere (8) . Here we highlight a recently defined "on-off" switch involving the Ub-like protein NEDD8 to control CRL E3 activity.
CRLs are multiprotein complexes in which an elongated, highly helical cullin subunit provides a scaffold for modular assembly of a functional E3 ligase. A RING subunit (Rbx1 or Rbx2) binds to the cullin C-terminal domain where it recruits and activates E2ϳUb conjugates for direct Ub transfer to substrate lysine residues. The cullin N-terminal region binds to select substrate recognition modules that recruit specific substrates to the complex. Before a CRL can catalyze Ub transfer, a conserved cullin lysine close to the RING-binding site must be conjugated to the ubiquitin-like (UBL) protein NEDD8 ( Fig.  1a ). NEDD8 shares 58% identity with Ub, yet has its own dedicated E1 (NAE) and E2s (Ube2M and Ube2F) for activation and transfer. Efficient neddylation of CRLs requires both the Rbx1 RING domain, which binds activated Ube2MϳNEDD8, and a co-E3 DCN1, which simultaneously binds the cullin subunit and the acetylated N terminus of Ube2M. Coordinated interactions between Ube2MϳNEDD8 and Rbx1/DCN1 position the complex to neddylate one and only one cullin lysine residue (9) . As Fig. 1a depicts, the covalent attachment of NEDD8 to the cullin subunit induces a large rearrangement of its C-terminal domain that repositions the Rbx1 RING in an orientation optimal for recruiting E2ϳUb conjugates and modifying substrates (10) . Thus, the RING subunit of CRLs is multifunctional: it can both facilitate neddylation and promote Ub transfer. Which of the two functions it performs is determined by the overall conformation of the CRL complex, which is in turn dictated by the attachment of NEDD8.
In addition to its known role as a CRL-specific regulator, NEDD8 is proposed to have a variety of non-CRL targets in both plants and animals (11, 12) . A HECT-type Ub ligase in humans, Smurf1, which is linked to multiple cellular functions including cell growth and mobility, bone generation, and viral autophagy, was recently reported to be activated by neddylation (13) . Similar to CRLs, Smurf1 catalyzes its own auto-neddylation, making it the first reported case of a HECT ligase that carries out both Ub and NEDD8 transfer. In contrast to CRLs, Smurf1 neddylates multiple lysine residues throughout its various domains. The result is activation of its Ub ligase activity by promoting the binding of E2 Ub-conjugating enzymes through an as yet undefined mechanism. Smurf1 and other HECTs are distinct from RINGs in that they form an obligate E3ϳUb intermediate through a conserved cysteine residue located in the C-lobe of the HECT domain prior to substrate ubiquitylation ( Fig. 1b ). Smurf1 auto-neddylation also proceeds via an obligate E3ϳNEDD8 intermediate, but this transfer requires a cysteine residue located in the N-lobe of the Smurf1 HECT domain. These findings expand the landscape for how NEDD8 may be used to regulate Ub transfer pathways as well as the mechanisms by which HECT E3s work.
E3 Regulation by Auto-inhibition
It is increasingly clear that many E3s reside in an auto-inhibited state in which a region of the protein outside the catalytic domain prevents access to the active site. The NEDD4 family of HECT E3s, which includes Smurf1 (see above), is in this category. Although they share similar domain architectures with an N-terminal C2 domain, 2-4 WW domains, and a C-terminal HECT domain ( Fig. 1b ), NEDD4 family members' functions and mechanisms of inactivation and activation vary (14 -16) . Smurf1 forms an inactive head-to-tail dimer in which the C2 domain of one subunit binds and inhibits the E3 domain in the other (17) . Auto-inhibition is released by the binding of various adaptor proteins to the WW domain of Smurf1 (e.g. CKIP-1), the WW domains and the C2 domains (e.g. Cdh1), or even the HECT domain (e.g. CCM2) (18 -20) . In light of the recent findings discussed above, NEDD8 modification may also lead to the release of auto-inhibitory interactions, although this remains to be tested. In contrast, the activity of Smurf2 is controlled by intramolecular interactions between its C2 and HECT domains (15) . Binding of the adaptor protein Smad7 to the Smurf2 WW domains releases the auto-inhibitory state and promotes Ub transfer activity (21) .
Phosphorylation is an important mechanism regulating the ligase activity of several E3s, but it has only recently been found to play a role in the release of auto-inhibition. An example of this type of regulation is provided by the E3 ligase Itch (whose name originates from the skin inflammation observed in knock-out mice), which is a member of the HECT NEDD4 family. Itch plays a key role in inflammatory signaling pathways. Interactions between its WW and HECT domains stabilize the auto-inhibited form of Itch. Part of its activation mechanism involves phosphorylation of a proline-rich region, which releases these auto-inhibitory interactions and activates Itch to ubiquitylate JunB, which, in turn, helps prevent the production of cytokines (16) . Additionally, an adapter protein, Ndfip1, is required for E2 recruitment to Itch and the transfer of Ub to the inflammatory response activator, Tak1 (22) . It remains to be seen whether Ndfip1 binding also releases auto-inhibitory interactions similar to Itch phosphorylation.
The HECT ligase NEDD4.1 is activated by phosphorylation of its HECT and C2 domains by the tyrosine kinase c-Src. Although the auto-inhibitory interactions and site of phosphorylation differ from those observed in Itch, tyrosine phosphorylation disrupts the auto-inhibitory interactions, leading to activation of the ligase (23) . Intriguingly, a NEDD4.1 substrate, fibroblast growth factor receptor 1 (FGFR1), is the activator of the NEDD4.1 kinase, c-Src. Ubiquitylation of FGFR1 by NEDD4.1 leads to its removal from the cell surface, thus providing a negative feedback loop for receptor tyrosine kinase signaling. Another closely related HECT ligase, NEDD4.2, is also auto-inhibited via interactions between its HECT and C2 domains, but is activated by calcium binding rather than phosphorylation. Calcium release is a result of phospholipase C activation and serves as a second messenger in a wide variety of cell signaling events. Escobedo et al. (24) showed that calcium binding to the C2 domain in NEDD4.2 prevents interactions between the HECT and C2 domains and results in E3-ligase activation.
The RBR class of E3 ligases uses a unique RING-HECT hybrid mechanism for Ub transfer (25) . RBRs contain a RING domain (RING1) that, like traditional RINGs, binds to E2ϳUb conjugates. However, rather than activating the conjugate for direct transfer to a substrate, RBRs behave like HECTs and catalyze Ub transfer from the E2 active site to a catalytic cysteine in a second domain ("RING2") to form an obligate E3ϳUb intermediate ( Fig. 1b) (25) . The importance of RBRs in neurological disorders and immune signaling has spurred many functional and structural studies, and these have been recently reviewed (26 -28) .
The largest family of RBRs is the Ariadne family, defined by an auto-inhibitory Ariadne domain C-terminal to the catalytic RBR domain (Fig. 1b) . In a recent crystal structure of human homolog of Ariadne (HHARI), the Ariadne domain interacts with the RBR to conceal the active-site cysteine in the RING2 domain (29) . Functional studies revealed that auto-inhibition for the two most conserved members of the Ariadne family, TRIAD1 and HHARI, can be released by binding to neddylated CRLs both in vitro and in vivo (30) . Interaction with neddylated CRLs exposes the RING2 active-site cysteine to the same extent as removal of the inhibitory Ariadne domain altogether. In reciprocal fashion, interactions with TRIAD1 or HHARI appear to increase both the ligase activity and the protein levels of neddylated CRLs in cells. These findings hint at a complex regulatory interplay between different classes of E3-ligases.
The RBR E3 Parkin, which if mutated can play a critical role in the onset of juvenile Parkinson disease, provides another example of an auto-inhibited RBR, although its architecture and regulatory mechanisms differ from Ariadne family RBRs. In parkin, the RBR domain is positioned at the C-terminal end of the protein, preceded by a zinc-binding domain, RING0, and a UBL domain (Fig. 1b ). In the inactive state, RING0 blocks the E2-binding site on RING1, and a short sequence within the RBR domain called the repressor element is positioned to block the RING2 active-site cysteine (31) (32) (33) . Regulation of parkin activity involves the kinase PINK1, which recruits parkin to damaged mitochondria and phosphorylates Ser-65 of parkin's UBL domain. The PINK1-dependent phosphorylation induces a conformational change within parkin that enhances its E3 activity to ubiquitylate mitochondrial outer membrane proteins. Intriguingly, PINK1 appears to play multiple roles in parkin activation as it also phosphorylates Ub on Ser-65, the analogous position to the parkin UBL phosphorylation site (34, 35) . Phospho-Ub binds to parkin, enhancing its catalytic activity allosterically. Another proposed role for phospho-Ub is that when attached to mitochondrial proteins, it facilitates recruitment of parkin and serves as a mitochondrial anchor. This relationship between kinase and ligase activity results in a feedforward regulation that helps confine activated parkin activity to damaged mitochondria. Phospho-Ub inhibits deubiquitinases and some Ub chain-building E2 and E3 ligases in vitro, so it is likely a mode of Ub-pathway regulation outside of parkin activation (36) .
E3 Regulation by Complex Assembly
E3s are often called to action in response to relatively rare cellular events such as a stalled ribosome, damaged DNA, or instances of epigenetic regulation (37) (38) (39) (40) . These situations generally require the recruitment of multiple factors (i.e. protein, DNA, RNA), including an active Ub transfer complex to the site of regulation, subsequently generating large supramolecular complexes. This strategy allows the cell to target lowlevel substrates with high selectivity and dictates where and when ubiquitylation occurs. Recent functional and structural studies reveal that the assembly of Ub transfer complexes on supramolecular complexes involves multivalent interactions that impart an avidity advantage in targeting substrates. An emerging theme in this type of regulation is the importance of contacts between the substrate and Ub machinery that occur distant to the site of catalysis.
Protein translation can stall when an mRNA is truncated or non-stop translation occurs. In such cases, ribosomes can become trapped with a bound peptidyl-tRNA and a nascent polypeptide chain protruding from the ribosome exit tunnel (41) (42) (43) . When this occurs, ribosomal components must be recycled and the nascent chain must be extracted and destroyed. First, recycling factors split the ribosome into its component 40S and 60S parts, leaving the 60S complex stuck with the associated peptidyl-tRNA and a partly translated nascent chain. Next, the multienzyme ribosome quality control complex (RQC) is assembled on the stalled 60S ribosomal sub-unit (37, 44, 45) . Two RQC components have well characterized roles in Ub transfer: NEMF (Tae2 in yeast) and the RING E3 ligase Listerin (Ltn1 in yeast) (44 -46) . A model for the assembly of the RQC Ub transfer complex and control of stalled ribosome ubiquitylation has been proposed based on recent cryo-EM studies ( Fig. 2a) (46, 47) . An essential step in assembly of the RQC is the discrimination of a stalled 60S subunit from functionally competent 60S subunits present at much higher concentrations. This is where NEMF appears to play a critical role (46) . NEMF is composed of three globular regions: N-and C-lobes with a middle (M) domain interconnected by coiledcoil segments. After dissociation of the 40S subunit and the associated message, the tRNA attached to the nascent polypeptide is left exposed in the P-site of the 60S subunit. This is an important recognition point for NEMF. Both its N-lobes and its C-lobes appear to recognize the exposed tRNA and also make multiple contacts with nearby ribosomal protein subunits ( Fig.  2a) (44, 46, 47) . The M-domain also makes multiple contacts with ribosomal proteins and stabilizes the P-stalk of ribosomal RNA. By binding at an interface between 40S and 60S subunits, NEMF effectively prevents premature reassociation of the 40S subunit.
Ltn1 is a 200 Å long protein containing numerous HEAT repeats and an RWD (RING finger and WD-domain-containing-proteins and DEAD-like helicases) domain that immediately precedes its C-terminal RING E3 ligase domain. Ltn1 has little affinity for either isolated 60S subunits or intact ribosomes (44) . However, the NEMF M-domain serves as an anchor point for the Ltn1 N terminus, allowing the Ltn1 RWD domain to sandwich between two ribosomal proteins to place the RING domain on the rim of the ribosomal exit tunnel ( Fig. 2a ). Other than its N terminus and RWD domain, the bulk of Ltn1 appears to make little or no contact with the 60S subunit (46, 47) . Together, NEMF and Ltn1 provide at least eight different contact points with the 60S subunit and associated peptidyl-tRNA. Individually, each contact point represents a weak interaction, but in combination, they form a stable complex that is specific for an aberrant 60S subunit, prevents reassociation of the 40S subunit, and positions the Ltn1 RING domain where it can recruit E2ϳUb conjugates and facilitate ubiquitylation of the emerging polypeptide chain (44, 46, 47) .
A second example of supramolecular complexes regulating Ub transfer involves histone ubiquitylation carried out by the polycomb group (PcG) proteins. The PcG proteins are important multicomponent epigenetic regulators of chromatin structure and establish control of transcription through the addition or removal of various histone post-translational modifications (48, 49) . Polycomb repressive complex 1 (PRC1), for example, is responsible for the monoubiquitylation of histone H2A Lys-119, which appears to be a signal for the recruitment of the histone-methyltransferase complex PRC2 (40, 50 -54) . A complex structure solved by McGinty et al. (55) reveals the importance of multiple types of substrate contacts in the assembly of PRC1 on a nucleosome and subsequent ubiquitylation of histone H2A (Fig. 2b) .
PRC1 is assembled around one of two related RING E3 ligases, Ring1a or Ring1b (RNF2). On their own, these RINGs are poor Ub ligases, but their activity increases substantially when they form a heterodimeric complex with Polycomb group RING-finger (PCGF) paralogs, the most widely characterized being Bmi1 (PCG4) (56, 57) . Ring1a/b and PCGF paralogs all have RING domains, but only the Ring1 component interacts with E2ϳUb conjugates to facilitate Ub transfer. Although intrinsic Ub transfer activity is enhanced by formation of the Ring1b/Bmi1 heterodimer, it does not efficiently monoubiquitylate isolated H2A. Instead, specific modification only occurs in the context of the nucleosome, implying a role for other histones and/or associated DNA in the assembly and activity of the complex (56 -58) .
Using a fused E3-E2 construct, McGinty et al. (55) solved a crystal structure of a minimal PRC1 complex bound to a nucleosome core particle (NCP) (Fig. 2a) . The structure reveals contacts between the Ring1b subunit of PRC1 and multiple histones. In particular, an interaction shown to be vital for efficient substrate binding and ubiquitylation involves two basic residues in the RING domain, Lys-97 and Arg-98, and an acidic patch on histone H2A. Bmi1 also engages the NCP through hydrogen bonding and van der Waals interactions with histones H3, H4, and H2B. Like Ring1b, two basic residues in Bmi1 (Lys-62 and Arg-64) interact with acidic residues in histone H3 (Glu-77) and histone H4 (Glu-74) that are important for efficient NCP ubiquitylation (Fig. 2b) .
Generally thought to be recruited solely by the E3 component of a multiprotein complex, the E2 UbcH5c is also critical for PRC1-NCP complex assembly (55) . As expected, UbcH5c binds to Ring1b, in an interaction known to activate the E2ϳUb for transfer to H2A Lys-119. Unexpectedly, UbcH5c also makes direct contact with the NCP, in particular with nucleosomal DNA. Residues in the UbcH5c ␤-sheet and ␣-3 helix interact with adjacent DNA phosphate groups (Fig. 2b) . The ␤-sheet of UbcH5 is a widely used protein-protein interaction site, so its involvement in recognizing DNA is particularly striking. Mutation of these E2 residues resulted in a 10-fold decrease in affinity of UbcH5c for the NCP and consequently a decrease in ubiquitylation. As UbcH5c is a particularly promiscuous E2 (59), these networks of novel interactions serve to position the E2 active The RWD domain of Listerin binds to one interaction surface of the 60S ribosome. NEMF directly interacts with the peptidyl-tRNA and the N terminus of Listerin to help anchor the RQC and prevent reassembly with the 40S subunit. b, structure of the PRC1-nucleosome complex (PDB 4R8P). The members of the PRC1 complex, UbcH5c (green), RING1a (blue), and Bmi1 (gray), sit atop the nucleosome, positioning the active site of the E2 adjacent to Lys-119 of histone H2A (orange). Other histone components, histone H2B 1.1, (yellow), histone H3.2 (dark pink), and histone H4 (maroon), play roles in positioning the complex for proper ubiquitylation. c, the inactive RING domain of Bmi1 makes direct contacts with histones H3.2 and H4 that also stabilize the interaction between PRC1 and the nucleosome. Side chain residues of Lys-62 and Arg-64 hydrogen-bond with Glu-74 in histone H4 and Asp-77 of H3.2, respectively. d, ␤-sheet residues in UbcH5c that are distant from the active site play a role in positioning the E2 on the NCP. Side chain residues of His-32 and Lys-66 make hydrogen-bonding contacts with backbone phosphate groups from the nucleosome DNA. site directly over Lys-119 of H2A, perfectly poised for Ub transfer to its designated acceptor.
Ring1a and Ring1b can form active E3-Ub ligase complexes with any of six different PCGF paralogs. Functional differences among the different complexes remain to be deciphered but may be linked to substrate targeting, targeting to different genomic loci, and/or the regulation of different genes. Intriguingly, different heterodimeric complexes show large variations in their inherent ability to stimulate the transfer of Ub in simplified reaction systems (57) . However, these differences are overcome upon assembly on an NCP, demonstrating again that assembly of E3 ligase supramolecular complexes engages multiple substrate surfaces distant from the site modification, to specify and facilitate ubiquitylation (57) .
E3 Regulation by Non-protein Ligand Binding
Small molecules and non-protein ligands also serve as noncovalent regulators of E3 activity. For instance, Turner et al. (81) found that the Saccharomyces cerevisiae E3 Ubr1, associated with regulating protein turnover via the N-end rule pathway, also targets the degradation of the transcriptional regulatory protein Cup9. Cup9 is a transcriptional repressor of the di-and tripeptide transporter Ptr2. Increased levels of dipeptides in the growth medium led to increasing levels in the cell. Elevated peptide levels provide an environmental signal for the Ubr1-dependent ubiquitylation of Cup9 and its subsequent degradation, leading to increased levels of Ptr2 and increased peptide import. The environmental signal is translated into action by the direct binding of dipeptides to Ubr1. This interaction induces a conformational change that alters Ubr1 substrate selectivity toward Cup9. Thus, an environmental signal in the form of a small molecule can directly alter E3 activity via binding and allosteric regulation.
There are also growing numbers of examples in which noncovalent binding of non-protein small molecules or polymers functions to regulate ubiquitylation machinery. For example, the plant hormone auxin regulates many aspects of cell growth and development (60) . Auxin binds to the F-box protein, TIR1, and completes the substrate-binding site for auxin-response factor (ARF) transcription factors (61) . TIR1 can then deliver an ARF to the SCF E3 ligase, a member of the CRL superfamily, for ubiquitylation and proteasomal degradation (61) . In the remaining examples, we highlight new cases where non-protein ligands play critical roles in regulating E3 ligase activities.
In the mid-1950s, thalidomide was introduced as a sedative and prescribed as a treatment for "anxiety, insomnia, gastritis, and tension" (62, 63) . Subsequently, thalidomide was prescribed for the treatment of "morning sickness" in pregnant women. It soon became clear that thalidomide was responsible for severe birth defects including deformed limbs, blindness, deafness, and death, leading to its eventual outlawing as a treatment for morning sickness (64, 65) . However, recently, thalidomide and related derivatives, lenalidomide and pomalidomide, collectively known as immunomodulatory drugs (IMiDs), have found favor as effective treatments for specific forms of multiple myeloma (66) .
A molecular target for thalidomide and other IMiDs is cereblon (CRBN), a receptor that delivers substrates to a CRL E3 ligase complex containing CUL4, RBX1, and DDB1 (CRL4 CRBN ) (67) . Mutations in the CRBN gene are associated with autosomal recessive, non-syndromic mental retardation, and the antiproliferative effects seen with IMiDs in myeloma cells are linked to CRBN expression (68 -70) . Recent structural studies on the DDB1-CRBN complex bound to thalidomide, lenalidomide, or pomalidomide revealed that IMiD binding to CRBN alters the substrate-binding site and changes target selectivity ( Fig. 3) (71) . In these studies, Fischer et al. showed that the transcription factor MEIS2, implicated in human development, is an endogenous target for CRL4 CRBN and that IMiDs inhibit its degradation. Instead, when bound to thalidomide, lenalidomide, or pomalidomide, the CRL4 CRBN complex targets two members of the Ikaros family of transcription factors for ubiquitylation and degradation, IKZF1 and IKZF3. These proteins are essential for B-and T-cell differentiation (72) . These results demonstrate that IMiDs are potent small molecular regulators of CRL4 CRBN and possess both agonistic and antagonistic properties based on specific substrates (Fig. 3) . It raises the intriguing question of whether there are endogenous small molecule regulators for CRBN that the IMiDs are mimicking or whether the drugs have found a serendipitous, yet highly specific binding site. Regardless, the findings serve as an excellent example of how small molecules can regulate ubiquitylation events at the levels of the E3 and substrate.
Protein poly(ADP-ribosyl)ation (PARylation) is a post-translational modification linked to DNA repair, Wnt signaling, and transcription (73) . Attachment of this non-protein polymer has also been linked to ubiquitylation processes (74 -76) . A recent study into the structural connection between PARylation and ubiquitylation (termed PARylation-dependent ubiquitylation (PARdU)) revealed a novel allosteric on-off switch regulating E3 activity. RNF146 contains an N-terminal RING domain followed by a WWE domain that had previously been shown to bind an internal subunit of PAR polymers known as iso-ADPribose (iso-ADPR) (77) . Surprisingly, the E3 ligase activity of RNF146 is non-functional in the absence of either PAR or iso-ADPR. By comparing their crystal structure of RNF146 bound to iso-ADPR to an NMR structure of the ligand-free RING, DaRosa et al. (78) observed that the ligand makes contacts to both the RING and the WWE domains (Fig. 4a ). Importantly, ligand binding promotes a conformational change in the RING from an E2 binding-incompetent state to an E2 binding-competent one (Fig. 4b) . This is the first known example of a RING domain that requires binding of a moiety other than Zn 2ϩ ions to stabilize the active conformation.
RNF146 works in close conjunction with the PAR polymerase Tankyrase (TNKS) (79) . The regulatory protein Axin, which is important in Wnt signaling, is among the substrates of TNKS (74, 80) . DaRosa et al. (78) show that RNF146 binds directly to TNKS via interactions in the intrinsically disordered RNF146 C-terminal region. Using structure-based mutant forms of RNF146 in cells, they showed that ubiquitylation and degradation of Axin require that RNF146 be able to bind to both PAR and TNKS. The mechanism may guide development of small molecule inhibitors of RNF146, whose overexpression is often associated with lung cancers.
Summary
The recent discoveries surveyed here provide only a glimpse into the diverse regulatory mechanisms used to control E3 ligases. It is, perhaps, not surprising that like other enzymatic pathways ubiquitylation is regulated by E3 auto-inhibition and phosphorylation mechanisms. However, E3 regulation is exceptional in the diversity of other post-translational modifications used, such as neddylation, a signaling pathway closely related to ubiquitylation, and even PARylation. Many types of control mechanisms can converge to regulate a particular E3, which may also include non-covalent binding to a variety of adaptor proteins, protein complexes, or non-protein ligands.
Protein-protein interactions have always been a focal point for investigating Ub transfer pathways. However, many of the important binary interactions exhibit only weak affinities. An important concept governing Ub transfer reactions is the assembly of large macromolecular and supramolecular complexes through extensive networks of secondary interactions among components of the Ub machinery and target substrates. Many of the important interactions that collectively combine to regulate transfer are often distant from the site of catalysis. Identifying and disrupting these important distal interactions may allow for more precise targeting of specific ubiquitylation reactions than targeting the actual E3 catalytic centers. The inability to properly regulate Ub modifications is often associated with cancer and other diseases. However, the interconnected nature of different Ub pathways and similarities between various E3 mechanisms make the Ub pathway a challenging target for drug development. Uncovering the molecular details of E3 activation and inactivation, along with demonstrating that these states can be targeted by small molecules or specialized adapter proteins, provides promising avenues for pursuing cancer and disease treatments.
